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A tom ic  su lfur p roducts from  p red issocia tion  o f  the low est ro ta tional states o f  S H /S D  A  22+
(v ' = 0 ,1 ,2 )  are stud ied  using  velocity  m ap  im aging . T he d issocia tion  p rocess, w h ich  is slow  
com pared  to  ro tation , is dom inated  b y  in terfe rence  effects due  to  p red issocia tion  o f  states w ith  low  
ro ta tion  quan tum  num bers p repared  by  pho toexcita tion  using  overlapp ing  transitions o f  d ifferen t 
parities. T he  m easu red  p roduc t angu lar d is tribu tions can  b e  m odeled  using  the m ethods p resen ted  
recen tly  b y  K im  et al. [J. C hem . Phys. 125, 133316 (2006)]. T he S (3P J) (2 + 1 )  resonance  enhanced  
m ultipho ton  ion ization  schem e u sed  in the detec tion  step o f  the experim en t is sensitive  to  the 
angu lar m om en tum  po lariza tion  o f  the atom ic fragm ents. S (3P J), J = 2 , 1 , 0 ,  fine-structure  yields, 
angu lar d is tribu tions, and a tom  po lariza tion  param eters are reported . S trong po lariza tion  o f  the 
S (3P 21) p roducts w as observed  along w ith  a w eak  sensitiv ity  o f th e  b ranch ing  ratio  to  excess energy  
and  a full in sensitiv ity  o f  the atom ic p roduc t po lariza tion  to  excess energy. N one o f  the data  fit the 
p red ic tions o f e ither ad iaba tic  or d iabatic  pho tod issocia tion , em phasiz ing  the need  for a fu lly  
quan tum  treatm ent. © 2009  A m er ica n  Institu te  o f  P hysics . [D O I: 10 .1063 /1 .3056570]
I. INTRODUCTION
T he past decade  has w itnessed  trem endous p rogress in 
the understand ing  o f  the pho tod issocia tion  o f  c losed-shell 
d ia tom ic  m olecu les. F o r th e  hyd rogen  halides (HX, X = F , Cl, 
Br, I), for exam ple, fu lly  quan tum  ca lcu la tion s1,2 com bined  
w ith  advanced  im aging  experim en ts h ave  unrave led  th e  in ­
trica te  dynam ics o f a m o lecu le  evolv ing  from  its optically  
excited  m olecu lar orb ita l configuration  to its final p roduct 
atom s. U sing  th is com b ined  approach  o f  experim en t and 
theory, it is now  p o ss ib le  to  d e term ine  the am plitudes and 
phases o f  the fragm en t m atter w aves tha t describe  a com plete  
pho tochem ical experim en t.4,5
F o r a few  m olecu les , fu lly  quan tum  m echan ica l ca lcu la ­
tions are availab le  to gu ide  the in terp re ta tion  o f p h o to d isso ­
ciation  dynam ics. F or the rest, pho tod issocia tion  is described  
by  lim iting  case  m odels based  on adiabatic , sudden, or s ta ­
tistical approx im ations.6 D eta iled  investiga tion  o f  d iatom ic 
m o lecu le  pho tod issocia tion  is thus crucial in evalua ting  the 
valid ity  o f  these  lim iting  case  m odels, w h ich  are at p resen t 
the best tools availab le  for in terp re ting  the pho tod issocia tion  
dynam ics o f  com p lex  po lyatom ic  m olecu les.
O pen-shell m olecu les such as the covalen t hydroxy l and 
m ercap to  rad icals , O H  and SH , tend  to  absorb  at longer 
w avelengths and m ore  read ily  p ro d u ce  h igh ly  reac tiv e  frag ­
m ents such as O ( D )  and  S (1D ) than  m ost c losed-shell m o l­
ecules. O w ing  to  their re la tive ly  sim ple  e lec tron ic  structure, 
a fu lly  quan tum  trea tm en t o f  the pho tod issocia tion  p roperties 
o f O H  (R efs. 7- 10) and th e  isova len t SH  (R ef. 11) [and HCl+ 
(Ref. 12)] m olecu les should  soon b e  tractab le . E x p erim en ­
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tally, how ever, the p roduction  and iso la tion  o f  sufficient co n ­
cen trations o f  these  species for fu rther study  are  challenging . 
A lthough  O H  has been  the sub ject o f num erous theoretical 
and experim en ta l investiga tions, only  a few  co llis ion -free  
stud ies o f O H  pho tod issocia tion  h av e  been  rep o rted .13- 15 Ve­
locity  m ap im aging  detec tion  o f  O  and H  atom  products w as 
p rev iously  u sed  by  R adenov ic  et al. to  study d irec t one- 
pho ton  pho tod issocia tion  o f  v ib ra tionally  excited  O H  and 
O D  X  2n (v " )  v ia  the repu lsive  1 22 -  e lec tron ic  s ta te ,13,14 
w hile  Z hou  et al. u sed  H -R ydberg  atom  pho to fragm en t tran s­
lational spectroscopy  (H R -PT S) to study p red issocia tion  of 
O H  excited  to  the A 22+  (v ' = 3 and 4) lev e ls .15
R eports o f the pho tod issocia tion  dynam ics o f  SH  and  SD  
also rem ain  sparse, a lthough  the spectroscopy  o f  the SH  and 
SD  A  22+-X  2n  band  system s is w ell exp lo red  and  u n d er­
stood. In ea rly  stud ies, b roaden ing  o f  spectroscopic  lines w as 
observed  as the SH (A  22+) v ib ra tional quan tum  num ber 
in c reased .16,17 T he line  b roaden ing  is a consequence  o f  p re ­
d issocia tion , w h ich  reduces the  life tim e o f th e  exc ited  state.
18—20L aser induced  fluo rescence and cav ity  ring-dow n 
spectroscopy 21,22 w ere  subsequen tly  u sed  to m easure  th e  life ­
tim es o f  SH(A 22 + ,v ' = 0 —2) and SD (A  22 + ,v ' = 0 —2) lev ­
els, and their dependence  on ro ta tional quan tum  num ber 
(N ') .  T he  reductions in  life tim es as v ' increases and the 
N '- le v e l dependence  w ere  quan tita tive ly  m odeled  by  a series 
o f  ca lcu la tions using  ab in itio  and experim en ta lly  fitted21,23,24 
po ten tia l energy  (PE) curves and F erm i go lden  ru le  (FG R) 
ca lcu la tions. T he A  22+  state correlates d iabatica lly  to 
H (2S) + S ( 1,D) atom ic fragm ents b u t is c rossed  b y  th ree re ­
p u ls iv e  P E  curves, 1 42 - , 1 22 - , and  1 4n ,  tha t co rre la te  to 
the  g round  d issocia tion  lim it H (2S) + S (3P ) as illu stra ted  in 
F ig . 1. C oup ling  from  the A  22+  state to one or m ore  o f  these 
repu lsive  P E  curves causes p red issocia tion . T he  F G R  calcu-
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FIG. 1. PE curves for the low-lying excited electronic states of SH and SD 
[adapted from Wheeler et al. (Ref. 21)], with the PE defined relative to the 
minimum in the bound A 2X+ state potential. The energies of the vibrational 
levels of the A 2X+ state are also shown.
21 23lations by  W heele r e t al. and la ter by  B rites et al. probed  
the con tribu tions o f  these  couplings to  the life tim es o f 
SH(A 22 + , v ' ,N ')  and a ttribu ted  p red issocia tion  of 
SH(A 22 + ,v ' = 0 —2) and SD (A  22 + ,v ' = 0 —2) to spin-orbit 
m ed ia ted  in terac tions a lm ost exclu sively  w ith  the  1 42 - /2 
state; only  for h ig h er v ib ra tional levels do couplings to  the 
1 22 -  and 1 4n  states b ecom e com petitive  or dom inant.
T hese  various spectroscop ic  and com puta tional studies 
iden tified  the states partic ipa ting  in th e  p red issocia tion  o f 
low  v ib rational levels o f  the  A  22+  sta te  o f  SH  and SD  and 
p rov ided  estim ates o f  the streng ths o f the couplings betw een  
the bound  and the d issocia tive  exc ited  states. T hey  did  not, 
how ever, p rov ide  any in fo rm ation  on the dynam ics tha t o c ­
cur fo llow ing  coup ling  in to  one or m ore  o f th e  repu lsive  
elec tron ic  states: for exam ple, the associa ted  bond  break ing  
m ay occur ad iaba tica lly  on a sing le  P E  cu rve or v ia  nonadia- 
ba tic  transitions betw een  these  repu lsive  states (as is know n 
to arise  for HF, H C l, and H B r). Z hang  et a l. 25 u sed  H R -PTS 
to study  d irec t pho tod issocia tion  v ia  the 1 22 -  repu lsive  
state, and D illon  and Y arkony underto o k  com puta tional stu d ­
ies o f  the dy n am ics26 to  address these  uncerta in ties. D irec t 
d issociation  v ia  the repu lsive  w all o f  the bound  A  22+  state
27w as observed  b y  Janssen  et al. w hen  starting  from  
v " = 2 —6 vib ra tional levels o f  th e  g round  X  2n  state  and  ex ­
citing  above the H (2S) + S (1,D) d issociation  lim it. T here  have 
also been  analyses o f  the dynam ics o f secondary  p h o to d isso ­
ciation  o f SH  rad ica ls p roduced  from  H 2S at U V  w ave­
lengths rang ing  from  193 to 244  n m ;28—31 at these  w ave­
leng ths, excita tion  o f the SH  is to one or m ore  repu lsive  
po ten tia ls  includ ing  the 1 22 -  state.
In our p rev ious study  o f  d irec t SH  and SD
27pho tod issocia tion  and in the cu rren t w ork, w h ich  focuses 
on p red issocia tion  dynam ics o f  th e  A  22+  sta te  at excita tion  
w avelengths from  292 to 324 nm , w e em ployed  a pu lsed  
elec tric  d ischarge  supersonic  expansion  as a source o f  the 
m ercap to  rad icals . To derive  deta iled  in fo rm ation  about p h o ­
to fragm en t ang le  and  speed  d is tribu tions, w e u sed  the ve lo c ­
ity  m ap  im ag ing  techn ique, coup led  w ith  po la rized  laser p h o ­
tod issocia tion  and resonance  enhanced  m ultiphoton
ion ization  (R E M PI) detec tion  o f  S (3P J) pho to fragm en ts. The 
p red issocia tion  o f  m ercap to  rad ica ls  tha t h ave  been  se lec­
tive ly  p repared  in  specified  rov ib ra tional levels o f  the A  22+
FIG. 2. Schematic of the experimental setup. R, E, and G represent the 
repeller, extractor, and ground plates of the ion optics, respectively. The 
polarization directions H  and V of the pump and probe lasers are illustrated 
and are defined in the main text. TOF represents the time-of-flight tube and 
MCPs denote microchannel plates. The hexapole device was used only dur­
ing optimization of the nozzle discharge conditions.
excited  elec tron ic  sta te  occurs on a tim e scale  com parab le  to 
the  ro ta tional period . U nder such  circum stances, the spatial 
an iso tropy  o f  the in ternuclear axis in th e  tran sien t excited  
sta te  varies w ith  the ro ta tional transition  due  to in terfe rence  
e ffec ts,32,33 and therefo re  so does the space-fixed  reco il an ­
isotropy. B y  m easuring  values o f  the an iso tropy  param eter 
f3v across several rov ib ra tional transitions, de ta iled  insights 
are ob ta ined  o f  th e  d issociation  in the m olecu lar fram e. 
N uclear spin angu lar m om en tum  can also coup le  to the p re ­
pared  ro ta tional and elec tron ic  angu lar m om en ta  o f  the ex ­
cited  state  th rough  hyperfine  in teractions on the tim e scale  o f 
the  experim en t, po ten tia lly  affecting  the m easured  angular 
d is tribu tions. F urtherm ore , th e  energy  sp litting  o f the e ,f  
p a rity  states o f th e  SH  free rad ica l is sufficiently  sm all that 
there  is sim ultaneous excita tion  o f  d ifferen t parity  states, 
lead ing  to  a second  level o f in terfe rence  effects, w h ich  can 
b e  sim ulated , together w ith  the effects o f  m olecu lar ro tation , 
u sing  the trea tm en t by  H ouston  and co -w orkers .32,34 F rom  
velocity  m ap im ages, reso lved  at th e  S (3P J) sp in -o rb it level, 
and their d ependence  on the po lariza tion  o f the p ro b e  laser, 
w e derive  an iso tropy  param eters, S (3P J) sp in -o rb it branching  
ra tios, and m -s ta te  p ropensities. T he ou tcom es o f  these  m ea­
su rem ents enab le  us to m ake  deta iled  deductions about the 
dynam ics on coupled , d issocia tive  P E  curves tha t cross the 
A  22+  sta te  and  co rre la te  to H (2S) + S (3P ) pho to fragm ents.
II. EXPERIMENTAL
A  deta iled  descrip tion  o f  our ve locity  m ap im ag ing  ap-
13 14 27 35para tus has been  g iven  in  p rev ious pub lica tions, ’ ’ ’ and 
a schem atic  is p resen ted  in F ig . 2 . In short, a m ix tu re  o f 
25% —30%  H 2S (D 2S) in  X e  w as expanded  in to  a vacuum  
cham ber th rough  a pu lsed  (10 Hz) Jo rdan  valve  (0.5 m m  
orifice d iam eter) and  a pu lsed  rin g -type  sta in less-s teel d is ­
charge  elec trode  (4 m m  d iam eter).36 T he pu lsed -d ischarge  
elec trode  w as m oun ted  2 m m  dow nstream  from  th e  valve 
orifice, and SH  (SD) rad ica ls w ere  p roduced  in the d ischarge 
during  the superson ic  expansion . T he vo ltage  and the w id th  
and delay  o f  the pu lse  applied  to the  d ischarge  dev ice  w ere  
op tim ized  for the expansion  cond itions ( ~ 2  bar back ing
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pressu re  beh ind  the nozzle) by  m onito ring  2 + 1  R E M P I sig ­
nals o f SH  (SD ) rad ica ls .37 F o r th e  m ost stab le  w ork ing  co n ­
dition , the d ischarge  dev ice  w as opera ted  at ~ 2  kV. D o w n ­
stream , the SH  (SD) beam  w as co llim ated  by  a sk im m er 
(d iam eter=  1 m m ) and th e  4 m m  d iam eter apertu re  o f  the 
repe lle r p la te  o f  the ion optics assem bly ; these  co llim ation  
apertures w ere  situated  15 and 210  m m , respectively , from  
the pu lsed  valve. A  120 m m  long e lec trosta tic  hexapo le  
lens, situated  in betw een  th e  sk im m er and repe lle r p late , w as 
u sed  to sta te  se lec t and focus the  SH  (SD ) beam  ( J  = 3 /2 ,  
|M j | =  3 /2 ,  u pper A  doub le t sta te)38 to  in crease  the SH  (SD) 
R E M P I signals, and  thus to aid  op tim ization  o f the d ischarge 
conditions. T he  slow  ~ 3 0 0  m /s SH  (SD ) beam  speed  p ro ­
duced  b y  seed ing  th e  p recu rso r (H 2S or D 2S) in X e  carrier 
gas w as necessary  for hex ap o le  focusing . D uring  the ex p eri­
m ental m easurem en ts o f SH  (SD) p red issocia tion , th e  hexa- 
p o le  w as alw ays tu rned  o ff so there  w as no in itia l sta te  se ­
lection  o f  the rad icals . T he  SH  (SD) beam  w as d irec ted  along 
the axis o f  a tim e-of-fligh t (TO F) tube  and c rossed  at righ t 
angles b y  the coun terp ropagating  pum p (photolysis) and 
p robe  (ionization) laser beam s, w ith  the reg ion  o f  in te rsec ­
tion  ly ing  betw een  the repe lle r and ex trac to r ve locity  m ap ­
p ing  e lec trodes. T he p o in t o f  pho to ly sis/ion iza tion  w as p o s i­
tioned  about 220  m m  from  the valve  orifice. W hen  th e  valve  
w as operating , the p ressu re  w as ~ 1 0 -4 m bar in  the source 
cham ber and ~ 1 0 -7 m bar in the ion iza tion  cham ber.
T he linearly  po la rized  pum p and p robe  laser beam s w ere 
focused  b y  f  = 2 0  and  11 cm  focal leng th  lenses, respectively . 
T he focal po in ts o f  tw o lasers w ere  sh ifted  ~ 0 .5  cm  aw ay 
from  the  cen te r o f th e  SH  (SD) beam  to avoid  satu ration  and 
pow er-b roaden ing  p rob lem s. T he  tim e  delay  betw een  the tw o 
laser pu lses w as less than 10 ns. A s dep ic ted  in  F ig . 2 , the 
vertical (V ) po lariza tion  d irection  o f  th e  lasers is taken  to  be  
perpend icu lar to  th e  T O F  d irection  and para lle l to the d e tec ­
to r [m icrochannel p la te  (M C P)] face. T he d irection  o f 
ho rizon ta l (H ) po lariza tion  is para lle l to the T O F  direction  
and perpend icu la r to the  p lane  o f  the detector. R o ta tion  o f 
the po lariza tions betw een  V  and H  po lariza tions for bo th  
lasers w as carried  ou t using  separa te  zero -o rder phase  
re tardation  p la tes. T he - 2 9 2 —324 nm  p um p-lase r rad iation  
(0 .8—1.5 m J/pulse , ~ 0 .6  cm -1 linew id th), w hich  excites 
the A 22+  (v ' = 0 —2 , N ' ) ^ X  2n 3/2(v ' = 0 ,N " )  one-photon
transitions,9,10,16,17 w as genera ted  by  frequency  doubling
(w ith  a p o tassiu m  d ihydrogen  phospha te  (K D P) crystal) the 
ou tpu t o f  a dye  laser (Spectra  P hysics Q uan ta  R ay  PD L-2) 
pum ped  by  the second  harm onic  o f a n eodym ium  doped  y t­
trium  alum inum  garnet (N d:Y AG ) laser (Q uanta  R ay  D C R - 
3). S (3P 21,0) a tom  products from  p red issocia tion  o f  SH  (SD) 
w ere  ion ized  by  a (2 + 1 )  R E M P I p rocess v ia  the 
3s23 p 3(4So)4 p  sta te  using  a p robe  laser w aveleng th  of 
- 3 0 8 —311 n m .39 T his p robe  rad ia tion  (2 m J/pulse; 
—0.6 cm -1 linew id th) w as genera ted  b y  frequency  doubling  
(also w ith  a K D P  crystal) the fundam enta l ligh t from  a dye 
laser (S pectra  P hysics Q uan ta  R ay  PD L-2) pu m p ed  by  the 
second  harm on ic  o f  a N d:Y A G  laser (Q uanta  R ay  G C R ). In 
order to check  th e  R E M P I detec tion  effic iencies for S (3P J) 
sp in -o rb it levels w ith  J  = 0 , 1, and 2, a th ird  laser system  was 
used  to  p h o to lyze  SH  v ia  th e  1 22 - ^  X  2n  excita tion  at 
w avelengths o f  226 and 232 nm . T he  m easured  branch ing
FIG. 3. (Color online) Raw velocity map images of S(3PJ) from SH photo­
dissociation via SH(A, v =0) (top), SH(A, v = 1) (middle), and SH(A, v = 2) 
(bottom). Images shown in the columns from left to right are for S(3PJ) with 
J =0, 1, and 2.
ra tios at these  U V  w aveleng ths w ere  com pared  w ith  th e  re ­
sults o f  Z hou  et a l . 25 F requency  doub ling  (in a ^ -b a r iu m  
b o ra te  crystal) th e  ou tpu t o f  a N d:Y A G -pum ped dye laser 
(C on tinuum  S urelite  and S pectra  P hysics Q uan ta  R ay 
PD L-2) w as u sed  to genera te  the 226 and  232 nm  w av e­
lengths requ ired . T he w aveleng ths and linew id ths o f  all laser 
system s w ere  ca lib ra ted  and m easured  by  a w aveleng th  
m eter (H igh F inesse, W S-7).
S (3 P J) ions fo rm ed  by  th e  R E M P I p rocess w ere  ex ­
trac ted  from  the ion iza tion  reg ion  in to  the g rounded  T O F  
tube  b y  an e lec trosta tic  ve loc ity  m app ing  lens and crushed  
onto a tw o-d im ensional (2D) M C P  and phosphor-screen  d e ­
tec to r m on ito red  b y  a charge  coup led  dev ice  cam era. M ass 
selec tiv ity  w as ach ieved  by  pu ls ing  ( - 1 0 0  ns duration) the 
gain  o f  th e  M C P s as the S+ (m / z  = 3 2 ) ions arrived. T he flight 
d is tance  o f  S+ ions w as - 3 8 5  m m  from  th e  po in t o f  ion iza­
tion  to the front p la te  o f  th e  M C P s. A ll tim ings for the pu lsed  
valve, d ischarge, lasers, and detec to r w ere  con tro lled  by  a 
series o f  com m ercia l pu lse  generators (B erkeley  N ucleon ics 
C orp. and S tan fo rd  R esearch  System s) w ith  10 H z repetition  
ra tes. T ypically, data  w ere  accum ulated  over 10 000 laser 
shots to p roduce  each  final 2D  raw  im age.
III. RESULTS AND DISCUSSION
R epresen ta tive  velocity  m ap im ages o f  S (3P J) atom s 
from  SH  p red issocia tion  are show n in F ig . 3 . T he resu lts 
derived  from  analysis o f  the in tensities and  angu lar dep en ­
dence  o f such im ages are p resen ted  in this section  as b ran ch ­
ing  ra tios for the J  = 0 , 1, and  2 sp in -o rb it levels and  as 
m -s ta te  popu la tions and  reco il an iso tropy  param eters. T he 
data  p rov ide  c lear ev idence  for nonad iaba tic  d issociation  
pathw ays fo llow ing  coup ling  from  the A  22+  sta te  onto one 
or m ore  repu lsive  PE  cu rves and are com pared  w ith  the ex ­
pecta tions o f  ad iabatic  and d iabatic  (sudden) m odels for the 
d issocia tion  dynam ics.
A. Branching into S„3PJ) spin-orbit levels
In teg ra tion  o f  th e  in tensities o f  im ages recorded  w ith  the 
d issocia tion  laser tuned  to the P 1(1.5) transition  o f  a selected
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TABLE I. A comparison of the spin-orbit branching ratios for the S(3P J 
atoms formed by photodissociation of SH at 232 and 226 nm obtained in 
this study and by Zhou et al. (Ref. 25). The uncertainties in parentheses are 
one standard deviation derived from repeat measurements.
Wavelength
(nm) s (3p  0) s (3p  1) S(3P2)
Current work 0.44 (0.02) 0.35 (0.03) 0.21 (0.02)
232 Zhou et al. 0.50 (0.03) 0.36 (0.01) 0.14 (0.02)
Current work 0.52 (0.02) 0.30 (0.03) 0.18 (0.02)
226 Zhou et al. 0.50 (0.08) 0.36 (0.05) 0.14 (0.07)
SH  or SD  A  2%+-X  2n  v ib rational band  and the detec tion  
laser tuned  to th e  frequencies o f  the (2 + 1 )  R E M P I tran s i­
tions for the S ( 3P j)  levels w ith  J  = 0 , 1, and 2 allow s the 
b ranch ing  betw een  sp in -o rb it states o f  th is pho to fragm en t to 
be  deduced . T he  im age in tensity  ra tios depend  no t on ly  on 
the re la tive  popu la tions o f  the th ree  sp in -o rb it levels, h o w ­
ever, bu t are  also in fluenced  by  the transition  streng ths for 
the tw o-pho ton  excita tions u sed  for the state-specific p roduct 
de tec tion . T able I show s m easurem ents o f th e  b ranch ing  into 
S (3P J) levels fo llow ing  232  and 226  nm  excita tions o f  SH 
and com parison  w ith  values derived  by  Z hou  e t a l.25 using  
the H R -PT S  techn ique, from  w hich  the R E M P I transition  
strengths are deduced  to b e  approx im ate ly  equal. T he  m u lti­
pho ton  ion ization  detec tion  schem e u sed  in  the cu rren t w ork  
is resonance  enhanced  at the tw o-pho ton  level by  the 
S (3 p 34 p  3P j)  levels and  has been  em p loyed  p rev iously  by
H su  et a l. 40 and  B rouard  et a l.41 T he  form er study d em o n ­
strated  tha t the line  strengths for the ind iv idual transitions are 
very  sim ilar, in  ag reem ent w ith  our m easu rem en ts. T he in te ­
gra ted  im age in tensities can  depend  on the d irection  o f p o ­
larization  o f th e  linearly  po la rized  p robe  laser, bu t this effect, 
w hich  depends on the elec tron ic  a lignm en t o f  the S atom s, is 
m in im ized  for th e  V H  geom etry . T hus V H  im age in tensities 
w ere  u sed  to derive  sp in -o rb it b ranch ing  ra tio s w ithou t fu r­
ther correction .
To avoid  b ias in  the b ranch ing  ra tio  m easurem ents, e f ­
forts w ere  m ade to keep the experim en ta l cond itions constan t 
for each  series o f  m easurem ents. P articu lar care  w as taken  to 
ensu re  tha t the p ressu res o f  H 2S w ere  kep t constan t (both  the 
back ing  p ressu re  b efo re  the valve  and the p ressu re  w ith in  the 
cham ber) and th e  laser overlap  w as m ain ta ined , a lthough  
som e m inor drift in laser a lignm en t is expected  on changing  
the frequency  o f  the p ro b e  laser.
T able II show s the S (3P J) sp in -o rb it b ranch ing  ra tios d e ­
rived  from  the experim en ta l da ta  for p red issocia tion  o f 
SH(A 22+ , v  =  0, 1, and 2) and  SD(A 22+ , v  = 0 , 1, and 2), and 
the values are  p lo tted  as a function  o f  to ta l k inetic  energy  
re lease  (T K ER ) o f  the pho to fragm en ts (i.e., excess energy 
above the d issocia tion  lim it) in F ig . 4 . T he ra tios are  o b ­
tained  from  averages o f  th ree  to five sets o f  im ages and  the 
uncerta in ties accoun t for th e  rep roduc ib ility  o f  th e  m easu re ­
m ents and inc lude  system atic  errors tha t derive  from  the a s­
sum ption  o f  equal line  streng ths for the R E M P I transitions 
used . F ro m  the data  in th e  tab le  and figure, it is ev iden t 
that the  dom inan t p roducts are S (3P 2) atom s, w ith  m inor 
b ranch ing  in to  th e  S (3P 1) and S (3P 0) sp in -o rb it levels. 
F o r S H (A , v  =  0 - 2 ) ,  the b ranch ing  to  S (3P 0) is genera lly
TABLE II. Spin-orbit branching ratios for the S(3PJ) atoms formed by 
predissociation of the v = 0-2  levels of SH(A 2X+) and SD(A 2X+). The un­
certainties are one standard deviation derived from repeat measurements 
combined with errors resulting from the assumed direct conversion from 
intensity ratio to branching ratio.
S(3Pq) S(3Pi) s (3p 2)
SH(A, v =0) 0.13+0.100.13-0.09 0.07+0.070.07-0.03 0 .80;














SD(A, v = 1) 0.12+0.080.12-0.02 0.08+-0.073 0.80-
















observed  to  b e  g rea ter than  to  S (3P 1) a tom s, bu t for 
S D (A , v  = 0 - 2 ) ,  any  p re fe rence  for S (3P 0) over S (3P 1) is 
no t so clear-cu t. T here  is an apparen t in crease  in the b ran ch ­
ing  to S (3P 0) at th e  expense  o f  S (3P 2) for S H (A , v  = 2) 
p red issocia tion .
T he co rrelation  d iag ram  for SH  (and SD ) show n in F ig .
5 can b e  u sed  to  accoun t for th e  g reater p ropensity  for S (3P 2) 
p roduction . S om e o f the details concern ing  the construction
o f this d iag ram  are addressed  is Sec. III B 2 and th e  A ppen-
21dix. T he m odel p roposed  by  W heele r et al. a ttributes the 
p red issocia tion  o f  the v  = 0 - 2  v ib ra tional levels o f  the SH  or 
SD  A  22+  state  to a sp in -o rb it m ed ia ted  in terac tion  alm ost
exclu sively  w ith  th e  f t  = 2  com ponen t o f  th e  1 42 -  state; only 
for h igher v ib rational levels o f  SH (A) and SD (A) does co u ­
p ling  to the 1 22 -  and 1 4n  states b ecom e com petitive  w ith  
or dom inan t over the coup ling  to the 1 42 -  state. T he ad ia ­
b a tic  co rrelation  o f  th e  1 42 - /2 sta te  is to H (2S 1/2} + S (3P 2) 
fragm ents, and  our resu lts thus suggest tha t the m ajo rity  o f 
d issocia tive  flux fo llow s this ad iabatic  pa thw ay  or crosses to 
the  2n 1/2 com ponen t o f  the g round  e lec tron ic  state, w hich 
also d issocia tes to th is lim it (see Sec. III B 2). B ranch ing  to 
the  o ther S ( 3P j)  sp in -o rb it states m igh t arise  from  couplings 
from  the A  22 + sta te  d irec tly  to the 1 22 -  state or the f t  = 2
FIG. 4. Spin-orbit branching ratios for S(3Pj) plotted against TKER. Ex­
perimental fractions of J =2 (circles), J =1 (triangles), and J =0 (squares) for 
SH (filled symbols) and SD (open symbols) are compared to the predictions 
at the adiabatic (solid line) and the diabatic (dashed lines) limits.
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FIG. 5. Correlation diagram for SH(D) showing the correlation of the 
ground X  2n  and the excited 4X- , 4n , and 2X~ states of SH with the 
H(2^ ) + S(3P) asymptote. The A 2X+ state (not shown) is bound and corre­
lates to S(D ) + H(25’) fragments. The total angular momentum projection 
quantum number H and the atomic projection quantum numbers Ms and ^h 
have been specified. Spin-orbit mediated interactions between states follow 
the AH=0 selection rule, and correlations are thus determined by consider­
ation of the energy ordering of states of the same H.
com ponents o f  the 1 4n  state, w h ich  co rre la te  ad iabatically  
w ith  the o ther sp in -o rb it com ponents. T he ev idence  from  
prev ious F G R  calcu la tions o f  p red issocia tion  ra te s21,23 sug ­
gests, how ever, tha t this is no t the case, w ith  the  possib le  
excep tion  o f th e  S H (A , v  = 2) rad icals . It is m ore  like ly  that 
the b ranch ing  to the S (3P 1) and  S (3P 0) pho toproducts occurs 
at larger in ternuclear separations, fo llow ing  bond  ex tension  
on the repu lsive  1 42 -  state. T he d iabatic  42 -  and 4n  states
are sp in -o rb it coupled , bu t 2 - - 2 -  in terac tion  is forbidden 
v ia  first-o rder sp in -o rb it coup ling .42 T here  are thus like ly  to 
be  reg ions along th e  S -H  bond  ex tension  coo rd inate  w here 
nonad iaba tic  (derivative) couplings ex is t be tw een  th e  ad ia ­
batic  f t  = !  com ponen ts o f  th e  42 -  and 4n  states that m ix  
d issocia tive  flux onto the h igher ly ing o f  these  tw o PE 
curves. F u rther m ix ing  to the  adiabatic  1 22 -  sta te  is then 
possib le . T hese  deductions are b ro ad ly  consisten t w ith  the
argum ents p resen ted  by  Z hou  et a l . 25 to accoun t for the 
b ranch ing  betw een  S ( 3P j)  fine-structure  states fo llow ing  d i­
rec t pho toexcita tion  to  th e  repu lsive  1 22 -  state. T he ex ten t 
to w h ich  S (3P 2) popu la tion  is favored  is, how ever, greater 
for p red issocia tion  o f th e  low -ly ing  v ib ra tional levels o f  the 
A  22+  state than  for th e  d irec t excita tion  o f  the 1 22 -  state, 
m ost like ly  reflecting  the d ifferen t asym pto tic  adiabatic  co r­
re la tions, as show n in F ig . 5 .
T he in crease  in  th e  b ranch ing  to S (3P 0) p roducts for 
S H (A , v  = 2) p red issocia tion  is consisten t w ith  the onset o f 
coup ling  from  the A  22+  sta te  to  th e  1 4n  state e ither d irectly  
or v ia  in itia l A  22+-1 22 -  coup ling . A s F ig . 5 show s, one 
H  = !  com ponen t o f  the 1 4n  sta te  correlates adiabatically  
to th e  S (3P 0) state. W heele r e t al. estim ated  d irect 
A  22+-1 4n  coup ling  to b e  neg lig ib le , bu t coupling  to  the 
1 22 -  sta te  am ounts to < 1 0 %  o f  the m ain  channel to  the 
sta te  at this v ib ra tional level. M ore  recen t calcu lations1 42"
by  B rites et a l . 23 suggested  tha t d irec t coup ling  to  the 1 22 -  
sta te  con tribu tes about 25%  o f th e  to tal p red issocia tion  rate 
for S H (A , v  = 2) [bu t it rem ains a neg lig ib le  pa thw ay  for 
S H (A , v  = 0 ,1 )  and SD (A, v  = 0 , 1, and 2), in  accord  w ith  the 
deductions o f  W hee le r et a l.\. A s F ig . 1 show s, the crossing 
o f  the 1 4n  state w ith  th e  ou ter w all o f  th e  A  22+  sta te  lies 
too  h igh  in  energy  to  in fluence the p red issocia tion  dynam ics 
o f  these  low  v ib ra tional levels.
T he observation  o f  S  atom s popu la ting  sp in -o rb it levels 
o ther than  expected  from  ad iabatic  corre la tion  argum ents is 
c lea r ev idence  for nonad iaba tic  dynam ics betw een  the three 
sets o f  repu ls ive  po ten tia ls  corre la ting  to  the H (2S) + S (3P) 
lim it. C om parisons can be  m ade w ith  the expectations o f  a 
“ sudden” or d iabatic  m odel in w hich  the e lec tron ic  w ave 
functions o f  th e  m olecu lar states are  p ro jec ted  onto a basis o f 
a tom ic states for this d issociation  lim it. T he resu lts o f  such 
ca lcu la tions, the p rocedu res for w hich  are exp la ined  in detail 
e lsew here, are show n in T able III and inc luded  in F ig . 4 . 
W hile  the fu lly  d iabatic  m odel for the 1 42 -/2 sta te  d isso c ia ­
tion  agrees qua lita tive ly  w ith  th e  experim en ta l observations, 
for exam ple, in  favoring  the J  = 2  sp in -o rb it level, w ith  near 
equal p ropensities for the J  =  1 and  0 levels, the experim ents 
show  a g reater b ranch ing  in to  S (3P 2) products. T he d y n am ­
ics fo llow ing  coupling  from  the A  22+  state  to  the 1 42 -  state 
can  thus no t b e  v iew ed  as occurring  either in  the  pu rely  
ad iaba tic  or d iabatic  lim its, and an in te rm ed ia te  p ic tu re  m ust 
b e  invoked .
TABLE III. S(3PJ) spin-orbit branching ratios P(J) for predissociation of SH(A) via the 1 4X~ and 1 2£ - states 
calculated in the sudden or diabatic limit and the associated population distribution pm over available m states, 
where p m is the total population of the +m and -m  states when m is nonzero.




*■ Ìm m = ± 2 P(J) m=0
Pm 
m= ± 1 m= ± 2
0 0.222 1.000 0.111 1.000
1 0.167 0.000 1.000 0.333 0.000 1.000
2 0.611 0.727 0.273 0.000 0.555 0.400 0.600 0.000
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B. Recoil velocity anisotropy and angular momentum 
polarization
T he ve lo c ity  m ap im ages o f the pho to fragm en ts show  
angular dependence  to  their in tensities because  o f  a co m b i­
nation  o f  the effects o f  spatia l an iso tropy  in b o th  the recoil 
ve locities and e lec tron ic  angu lar m om enta  o f the  S (3P J  a t­
om s. T he experim en ts are  sensitive  to  the angu lar m o m en ­
tum  po lariza tion  because  the 2 + 1  R E M P I detec tion  schem e 
em ploys linearly  po la rized  light. T he  life tim es o f  the  v ib ra ­
tional levels o f  the A  22+  state stud ied  h ere  ran g e  from  a few 
p icoseconds to  m any  nanoseconds and are  thus com parab le  
to or m uch  longer than  th e  ro ta tional perio d  o f  the m olecu les. 
N evertheless, the  p red issocia tion  can resu lt in an an isotropic 
d is tribu tion  o f  pho to fragm en t reco il ve locities (p v).32,33 
W ith in  the axial reco il approx im ation , the reco il ve locity  
vecto r for d issociation  o f  a d ia tom ic  m o lecu le  lies para lle l to 
the in ternuclear bo n d  axis, and a p referred  d is tribu tion  o f  the 
p lanes o f  ro ta tion  o f the ensem ble  o f  excited  state  m olecu les 
in space, p repared  b y  absorp tion  o f  po la rized  light, can  thus 
m ain tain  an overall an iso tropy  o f  the reco il ve locity  vectors 
o f the atom ic pho to fragm ents.
T he state-specific de tec tion  o f  S ( 3P j)  atom s w ith  J  = 0, 1, 
and 2 m eans tha t each  velocity  m ap  im age contains in fo rm a­
tion  on only  a sing le  fragm en ta tion  channel. A nalysis o f  the 
variation  o f  in tensity  w ith  ang le  for th e  ou term ost few  p ixels 
o f the 2D  velocity  m ap  im ages is thus equ ivalen t to  analysis 
o f a slice  th rough  the th ree  d im ensional (3D ) reconstruction  
o f th e  N ew ton  sphere o f  reco il ve locities o f  th e  nearly  m o- 
noenergetic  pho to fragm ents and m igh t be  expected  to show  
an in tensity  variation  o f  the form  described  b y43
Pv(0) = 7 " [ 1 +  & ^ 2 (cOS 0)]. (1)
H ere, p v(0) is the p roduc t angu lar d is tribu tion  w ith  r e ­
spect to  0, the angle  betw een  the  linear po lariza tion  o f  the 
pho to lysis laser (e) and the d irection  o f  p roduc t reco il (v) in 
the labora to ry  fram e. P 2(x) = | ( 3 x 2- 1 )  denotes a second 
L egend re  po lynom ial, and th e  an iso tropy  param eter f3v takes 
lim iting  values o f  + 2  for a para lle l transition  and  —1 for a 
perpend icu lar transition  fo llow ed  b y  p rom p t d issociation . In 
p ractice , this in tensity  d is tribu tion  is fu rther m odu la ted  by  
the sensitiv ity  o f th e  p robe  laser po lariza tion  to  the angular 
m om en tum  alignm en t o f  the pho to fragm en ts [the detec tion  
effic iency  / det(0 )\, resu lting  in  a genera l expression  for the 
in tensity  variation  w ith  im age angle:
I(0 ) «  P v(0 )Idet(O) =  —  [1 + &P2(cOS 0) + ^ ( c O S  0) 
4 n
+ A A ( c o s  0)]. (2)
T he values o f the p aram eters f i 2, f i4, and f i 6 depend  on 
the reco il anisotropy, th e  angu lar m om en tum  po lariza tion  o f 
the p roducts, th e  po lariza tions o f  the pho to lysis and p robe 
lasers, and  the p lan e  o f  the im aging  detector. In  th e  fo llow ing 
analysis o f  im age angu lar varia tion  to  ex trac t quan tita tive  
in fo rm ation  on pho to fragm en t ve locity  an iso tropy  and angu ­
lar m om en tum  alignm ent, w e fo llow  th e  procedures em ­
p loyed  b y  C oro iu  et a l . , 44 w hich  w ere  based  on the w ork  of
M o and  S uzuki.45,46 T he resu ltan t ve locity  an iso tropy  p a ram ­
eters are  com pared  w ith  expecta tions for a p red issocia tive
32system  using  the m ethod  o f  K im  et al. A n gu lar m om entum  
alignm en t is p resen ted  in term s o f  popu la tions o f  m agnetic  
sub levels o f the S (3P J) atom s w ith  J  = 1  or 2, w h ich  are  in ­
d ica tive  o f  the deg ree  o f  nonad iaba tic  d issocia tion  dynam ics. 
T he genera l analysis p rocedures are first rev iew ed  and  then 
the  ¡3v p a ram eter values and S (3P J) sp in -o rb it reso lved  
m -s ta te  popu la tions are d iscussed  separately.
T he ou term ost rings (tw o to th ree  p ixels w ide) o f  the 
velocity  m ap im ages w ere  fitted  to  the angu lar function  g iven 
in E q. (2 ). In all cases, inco rpora tion  o f  a P 6(cos 0) function  
m ade  no d iscern ib le  d ifference  to  the quality  o f the fits, and 
the  expansion  in E q. (2) w as thus truncated  at fourth-order 
term s, g iv ing  tw o fit param eters, ^ 2 and ^ 4, for each  im age. 
T he detec tion  effic iency  o f th e  pho to fragm en ts w ith  aligned 
elec tron ic  angu lar m om en ta  can be  expressed  as
Idet(0) = 2  P0PFP k(Jf, Ji) , (3)
w here  P k( J f , J;) are line-streng th  factors for the tw o-photon  
transition  betw een  levels w ith  angu lar m om en tum  quan tum  
num bers J t (in itial state) and J f  (final state). T he p0kj>F are the 
com ponen ts w ith  q = 0  o f  rank-k  m u ltipo le  m om ents o f  the 
density  m atrix  describ ing  the popu la tions and coherences o f 
the  m agnetic  sub levels w ith  angular m om en tum  quan tum  
num ber J ; and p ro jec tion  quan tum  num bers m. T he p ro jec ­
tions are defined  w ith  respec t to the p ro b e  laser linear p o la r­
iza tion  vector, and the  subscrip t P F  thus denotes the p robe  
fram e. T he index  k  takes values o f  0, 2, and 4 for a p robe 
transition  induced  by  linearly  po la rized  ligh t and resonance  
enhanced  at the  tw o-pho ton  level. W hen  J ; #  Jf, M o  and 
S uzuki46 dem onstra ted  tha t th e  ratios o f the  line-streng th  fac­
tors w ith  k = 2  and  4 to the k = 0  factor sim plify  to the co n ­
ven ien t fo rm  (expressed  h ere  for linearly  po la rized  light)
P k(J f, Ji) =  P k(J f , J i ) /P 0(Jf, Ji)
= 5 ^ 2 k  + 1 V'2J¿ + 1 ( -  1)j J
2 2 k  
0 0 0
X
J i J i k  
2 2 J f
(4)
E valuation  o f the 3 -j  and 6 -j  sym bols in  this 
expression  for the R E M P I transitions em ployed  gives 
P 2(1 ,2 )  = -V 5  /1 4  and P 4(1 ,2 )  = - 2 7 2 7 7  for the 
S (3 p 34 p )3P 1 —  — 3P 2 tw o-photon  excita tion  and  P 2(2 ,1 )  
= 1 / V2 and P 4(2 ,1 )  = 0 for the S (3 p 34 p )3P 2 —  —  3P 1 tran si­
tion . F o r transitions from  th e  3P 0 level, th e  k = 2  and 4 line- 
streng th  factors are, by  defin ition , zero.
Two geom etries o f  laser po lariza tions w ere  em ployed  for 
the  m easurem en ts; in  bo th  cases the pho to lysis laser w as 
po la rized  vertica lly  in  the labora to ry  (denoted  V, and paralle l 
to the detec to r face), b u t th e  p ro b e  laser w as po larized  either 
vertica lly  (specified  hereafte r as V V  geom etry) or h o rizo n ­
ta lly  (V H  geom etry). I f  w e take  a labora to ry  fram e o f  re fe r­
ence  defined  b y  C artesian  axes w ith  Z  para lle l to the  vertical 
p o lariza tion  o f  th e  pho to lysis laser, X  th e  axis o f  p ropagation  
o f  the  tw o laser beam s, and Y  th e  axis a long the T O F  tube
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tow ard  the detec to r (see F ig . 2 ) , the  p ro b e  laser po larization  
lies e ither a long the Z  or Y  axes (V or H , respective ly ) and 
the detec to r lies para lle l to the X Z  p lane. R o ta tion  from  the 
fram e defined by  the pho to fragm en t reco il ve loc ity  vector 
[the reco il fram e (R F)] to the p robe  laser fram e transform s 
the m u ltipo le  m om ents o f  the angu lar m om en tum  in accord  
w ith
pk  -  yp q,PF — ^  
qf—-k
w here  , © , \ )  is a W igner ro ta tion  m atrix , and  the
E u ler angles ( $ ,  © , \ )  link  the tw o fram es o f  reference. In 
the case  o f  the V V  po lariza tion  geom etry , w e iden tify  
(© , $ )  = ( 9 ,4 ) ,  th e  p o la r and az im uthal angles o f  the recoil 
ve locity  vec to r in  the P F  (w hich  is equ ivalen t to  the fram e 
defined b y  th e  pho tod issocia tion  laser po lariza tion ), and 9 
also corresponds to  the p o la r ang le  in  the im age p lane . For 
the V H  geom etry , w e m ake th e  iden tification  tha t $  = o t/2, 
© = o t/2 , and  x =  9 (considering  tha t the ou term ost ring  in the 
im age arises from  reco il ve locities in th e  X Z  p lane). The 
analysis is fu rther sim plified  if  w e m ake the assum ptions that 
the angu lar m om en tum  po lariza tion  is cy lind rica lly  sym m et­
ric  about the reco il ve loc ity  vec to r and  independen t o f direc-
(k)
tion. A  consequence  is tha t only  q ' = 0  com ponen ts o f  pq, RF 
are nonzero , and w e neg lec t th e  effects o f  coherences b e ­
tw een  m  states bu t can  derive  in fo rm ation  on fractional 
popu la tions o f  these  m  states ( fm) in  th e  R F  from
p q v ? > ,  ® .x ) , (5)
p (k) .
P0,RF - y  ( -  i ) 7‘-mV2k + 1
m—-Ji
J i k  J  i 
-  m  0 m fm  ■
W ith  the above approx im ations, E q. (5) reduces to
p 0kpF — p <0,Rf^ k(cos 0)
for the V V  po lariza tion  geom etry  and




for th e  V H  geom etry . Substitu tion  o f E qs. (4) and (7) or Eq. 
(8) in to  E q . (3) and re -exp ression  o f the resu lt as a single 
expansion  in L egend re  po lynom ials allow s us to  evaluate  
E q. (2) as
I(0 ) «  [1 + & P 2 (c o s  0 ) ] 2  P ^ P k C f  Ji)P k(g(0))
= 2  A P /(c o s  0 ), 
l—0
(9)
w here  g (0 ) denotes cos 0 for th e  V V  geom etry  and  c o s (w /2) 
for the V H  geom etry . T he expansion  coeffic ien ts u sed  in  Eq. 
(2) are ob tained  as
. 0 i 0
. 2 . v 1 + 7 & ¥ v




P 0(Jf, J i)p 0,R F 
P 2(Jf, J i)p 0^ R F
P 4(Jf, J i)p 4 R F.






. 2 -  2 . v
. 4 0 0 0
. 6 0 0 0
P 0(Jf , J i) p 0°R F 
P  2(Jf, J i)p<0R  F 
P 4(Jf, J i)p 0^ R f
(10)
( i i )
for th e  V H  geom etry.
T he im age analysis thus involves fitting o f  the angular 
dependence  to  E q. (2) to obtain  experim en ta l values o f  the 
coeffic ien ts $ 2 and $ 4 w ith  norm aliza tion  to $ 0 = 1  and n e ­
g lec t o f  the $ 6 term . T hese  $  values can b e  sim ultaneously  
fo rw ard  sim ula ted  for bo th  V V  and  V H  geom etries b y  ca lcu ­
lating  p k RF va lues from  E q. (6) b y  cycling  over poss ib le  
com binations o f popu la tions o f  th e  m  states and com bin ing  
the  values w ith  values in the ran g e  from  — 1 to  + 2 . F o r an 
aligned  sam ple, f m = f -m, and w e thus im posed  this restric tion  
on the sim ulations, together w ith  the requ irem en t that the 
p opu la tions o f  all m  states sum  to unity . It p roved  usefu l to 
define p m = f m for m = 0  and p m = f -m + f m for m  #  0 . T he fo r­
w ard  sim ulation  p rocedu re  w as carried  ou t using  a sim ple 
com puter p rog ram  w ith  a step size o f  0.01 for b o th  p m and f i v 
to find op tim um  values for these  param eters to rep roduce  the 
experim en ta l $ 2 and  $ 4 data  for bo th  V V  and V H  geom etries, 
w ith  u se  o f  th e  line-streng th  factors appropria te  for each 
S (3P J  state studied . T hus, reco il ve locity  an iso tropy  p a ram ­
eters and angu lar m om en tum  alignm en t in form ation  w ere  de- 
convo lu ted  from  the experim en ta l angu lar d is tribu tions. Such 
an analysis is not, how ever, necessary  for S (3P 0) atom s b e ­
cause  the J  = 0  level canno t show  any  angu lar m om entum  
alignm en t effects, and its detec tion  p robab ility  is indepen ­
den t o f p robe  laser po lariza tion .
T he analysis m ethod  requ ires that J, #  J f  in the tw o- 
pho ton  absorp tion  step in the R E M P I schem e. In the  case  of 
S (3P J) de tec tion  v ia  the 3 p 34 p  (3P ) ^ ^ 3 p 3(3P ) excitation  
schem e, how ever, the com ponen ts o f th e  transition  w ith  
J f  = 0 , 1, and 2 are only  p artia lly  reso lved  w ith in  the line- 
w id th  o f  th e  laser. F o r S (3P 2) detec tion , the 3P 2^ ^ 3P 2 
com ponen t is stronger than  for excita tion  to the 3P 1 and 3P 0 
levels,40 and several im ages w ere  thus accum ulated  using  
this A J  = 0  transition . To test th e  robustness o f our m ethods, 
m easurem en ts o f angu lar d is tribu tions and  analysis to  derive
and m -state  popu la tions w ere  therefo re  m ade  at p robe 
laser w aveleng ths on th e  sides o f  the b road  R E M P I feature  
co rrespond ing  to the 3P 1 ^ ^ 3 P 2 and 3P 2^ ^ 3P 2 tran si­
tions. A t th e  chosen  w aveleng ths, w e estim ate  tha t there  are 
~ 1 5 %  and < 5 %  con tribu tions, respectively , from  the over­
lapp ing  transitions. T he values o f  ob tained  show ed no 
dependence  on th e  cho ice  o f  R E M P I w aveleng th  w ith in  this 
tw o-photon  excitation  feature, and m -sta te  popu la tions re­
qu ired  only  a sm all correction  (by factors o f  1.3, 0 .9 , and 1.0 
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FIG. 6. Experimental angular distributions (open circles) from which aniso­
tropy parameters and alignment information are obtained: (a) S(3P2) images 
and (b) S(3P ^  images for the SD(v =1), 2i(1.5) line. The upper graphs 
correspond to VV geometry images and the lower graphs to VH geometry. 
The solid lines are simulations of the angular dependence obtained using Eq. 
(2) and the values of f3 and m-state populations from the data analysis 
procedure described in the text. The gray lines indicate the differences be­
tween experimental data and the simulations.
ob tained  in the P 2 < P 2 w ing  o f  th e  featu re  m atch  those
from  the 3P 1 ^  ^  3P 2 w ing. A  sim ilar investiga tion  o f the 
S (3P 1) R E M P I detec tion  schem e, for w h ich  the 3P 2 and 3P j 
upper sta te  com ponen ts are also incom plete ly  reso lved , 
show ed tha t w ith in  experim en ta l error, no co rrec tion  w as re ­
qu ired  for e ither f3v or m -sta te  popu la tions derived  from  im ­
ages ob tained  at excita tion  w aveleng ths across th e  spectral 
feature.
In m ost cases o f  fitting to  the angu lar dependence  o f  the 
outer parts o f  ve locity  m ap  im ages, the fits are good, and Fig.
6  com pares the  experim en ta l da ta  w ith  sim ulations ob tained  
using  E q . (2) and $ 2 and  $ 4 values derived  from  the analysis 
described  above. T h e  sim ulations cap tu re  th e  m ain  features 
o f the angular d is tribu tions, such  as the dep th  o f  m odulation . 
T he largest d iscrepancies tend  to be  for da ta  ob tained  v ia  R  
b ranch  transitions, m ost no tab ly  for SH (v = 1). A  further test 
o f the success o f  the fits, w h ich  serves to  exam ine  the co n ­
sequences o f  approxim ations m ade  in the analysis o f th e  data  
to derive  m -state  popu la tions, is to  com pare  the outcom es for 
the V H  geom etry  w ith  the expecta tions from  E q. (11) that 
P 2 /A ) = A , and  $ 4 = 0 . In  a lm ost all cases, these  expectations 
are m et w ith in  the uncerta in ties in th e  derived  param eters: 
values o f  $ 2 /  $ 0 from  th e  fits d iffer from  the f3v values r e ­
sulting  from  the data  analysis by  less than  0 .05  in  th e  m ajo r­
ity  o f  cases, w ith  th e  m ain  exceptions being  R  b ranch  ex c i­
tations to SH  and S D (A , v  = 1) and to  S H (A , v  =  2 ). The 
m agnitudes o f  $ 4(VH) p aram eters are  genera lly  less than  0.1, 
w ith  the exception  o f  S (3P 2) and S (3P 1) atom s resu lting  
from  R  b ran ch  excita tion  to  S H (A , v  = 1) and Q  and  R  b ranch  
transitions to  S H (A , v  = 2 ). T hese  h igh ligh ted  d iscrepancies 
m ay arise  from  signal-to -no ise  ra tio s  in  th e  experim en ta l im ­
ages or m ay  im ply  som e degree  o f  b reakdow n in one o f  the 
assum ptions m ade in  the analysis, such as th e  neg lec t o f 
coherences betw een  m  states. C om parisons o f  re la tive  in ten ­
sities in V V  and  V H  im ages cou ld , in  p rinc ip le , p rov ide  ad ­
d itional in fo rm ation  on th e  effects o f  coherences bu t w ere
no t possib le  in  the cu rren t study  because  V V  and  V H  im ages 
w ere  accum ulated  separa te ly  ra ther than  w ith  sho t-to -sho t 
varia tion  o f  the  p robe  laser po larization .
F urther errors in re trieved  an iso tropy  param eter and 
m -state  popu la tion  values m igh t arise  because  o f  our analysis 
o f  th e  angu lar variation  o f the ou term ost tw o to  th ree  pixels 
o f  the im ages. T his m ethod  w as p re fe rred  to A bel inversion 
o f  the da ta  to  obtain  an X Z  p lane  slice  th rough  th e  3D  N ew ­
ton  sphere. F o r th e  slow -m oving  S atom  pho to fragm en ts, 
im age rad ii varied  from  9 to 25 p ixels depend ing  on the 
cho ice  o f exc ited  v ib ra tional level o f  the S H  or SD (A  22+) 
rad icals , and th e  2 -3  p ixe l ran g e  analyzed  co rresponded  to 
the  reso lu tion  o f  th e  im ag ing  detec tion . O ne consequence  of 
the  fin ite  slice  w id th  is that som e S atom  reco il velocity  
vectors tha t are ou t o f  th e  X Z  p lane  w ill b e  inc luded  in our 
analysis, b u t w e estim ate  tha t these  lie  w ith in  30° o f the 
p lan e  and thus w ill no t h ave  significant consequences for 
derived  f3v param eters and m -sta te  popu la tions. Indeed , prio r 
tests show ed tha t the ob tained  values o f  f3v w ere  no t sign ifi­
can tly  affected  by  the cho ice  o f  p ixe l ran g e  m ade here.
T he f3v and p m values derived  from  the experim en ts re ­
qu ire  ra ther d ifferen t types o f  in terp re ta tion  and are  thus d is­
cussed  separa te ly  in  th e  fo llow ing  sections.
1. Anisotropy parameters for SH(A) 
and SD(A) predissociation
T he trea tm en t o f  the an iso tropy  param eters resu lting  
from  p red issocia tion  o f  states w ith  life tim es com parab le  
to or longer than their ro ta tional periods has been  the subject
32o f recen t stud ies b y  K im  e t al. and K uznetsov  and
33V asyutinskii. H ere, w e com pare  the ou tcom es o f  our ex ­
perim en ta l m easurem en ts o f  f3v param eters for p red isso c ia ­
tion  o f  d ifferen t v ib ra tional levels o f SH (A) and SD (A) w ith
32the  pred ic tions o f  the m odel p roposed  by  K im  e t al. using  
the  com puter p ro g ram  BETAOFNU.34 T his m odel accounts for 
the  po lariza tion  o f the in ternuclear axis caused  b y  absorp tion  
o f  linearly  po la rized  light, the  effects o f  the ro ta tional m otion 
o f  the exc ited  state, and in terfe rence  effects in  the spatial 
d is tribu tion  o f pho to fragm en ts caused  by  overlapp ing  P , Q, 
and R  b ranch  abso rp tion  features. T he m odel does no t ex ­
p lic itly  deal w ith  the sta te-specific  de tec tion  o f  a tom ic frag ­
m ents in  ind iv idual sp in -o rb it states nor does it take  into 
accoun t poss ib le  depo lariza tion  o f  the spatia l d is tribu tion  of 
the  in ternuclear axis caused  by  coupling  o f  the  ro ta tional and 
elec tron ic  angu lar m om en ta  o f  th e  SH  or SD  to the nuclear 
spin o f  the H  or D  atom  (hyperfine depo lariza tion  effects). 
T he consequences o f  hyperfine  depo lariza tion  on f3v values 
are d iscussed  further below .
F igu re  7 show s experim en ta lly  determ ined  f3v values for 
SH (v = 2) ob tained  b y  detec tion  o f  S (3P 2) and S (3P 0) in the 
V H  geom etry . E quation  (11) dem onstra tes tha t no alignm ent 
effects are expected  in this geom etry  and thus $ 2 = $ v; ex ­
perim en ta l fits to E q. (2) la rgely  confirm  th is, as w as no ted  at 
the  end  o f  the prev ious section . T he short life tim e o f 
S H (A , v  = 2) m eans tha t spectroscop ic  lines are sufficiently  
b roadened  tha t a num ber o f  f3v values cou ld  b e  obtained 
experim en ta lly  for pho toexcita tion  across the w avenum ber 
ran g e  from  34 190 to  34 260  cm -1 to inves tiga te  th e  fre­
quency  dependence  o f  f i v. T he  data  in  F ig . 7 show  an o sc il­
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FIG. 7. A comparison between calculations and experiment for predissocia­
tion via SH(A, v = 2). The top panel shows a plot of the calculated (solid 
line) and experimental (points) spectrum, above which is a stick spectrum 
indicating the assignments of the spectral lines (with the stick heights in­
dicative of the relative intensities). The bottom panel compares calculated 
(solid line) and experimental values of for S(3P2) (circles) and S(3P0) 
(squares) atom products.
la tion  in  fiv values becau se  o f  in terfe rence  effects arising
32from  the excita tion  o f the overlapped  transitions. A nalysis 
o f the in teg ra ted  im age in tensities for th e  d ifferen t excita tion  
w avelengths, th e  resu lts  o f  w h ich  are p lo tted  in  F ig . 7  as a 
coarse  experim en ta l spectrum , together w ith  a sim ulated  
spectrum  (obtained  using  the PGOPHER p rog ram 47) , g ives a 
b est estim ate  o f  th e  L oren tz ian  line  b roaden ing  o f  6.8 cm -1 
full w id th  at h a lf  m ax im um  (FW H M ) tha t co rresponds to a 
life tim e for th e  S H (A , v  =  2) ro ta tional levels o f ~ 0 .8  ps. This 
estim ate  is shorter by  factors o f  ~ 3 - 6  than  life tim es p re ­
d icted  by  the ex isting  theore tica l m odels o f p red issocia tion  
o f the A  22+  state o f  S H .21,23 Incorpora tion  o f this life tim e 
in to  calcu lations o f  expected  f3v values enab les a com parison  
to b e  m ade betw een  m easurem en ts and p red ic tions, and the 
resu lts  a re  show n in the  low er pane l o f th e  figure. T he theo ­
re tica l m odel o f H ouston  and co -w orkers cap tu res w ell bo th  
the m agn itudes and w aveleng th  d ependence  o f  the reco il v e ­
locity  anisotropy, a lthough  there  are som e sm all d isc rep an ­
cies in  th e  v ic in ity  o f  th e  R 1(1.5) + RQ 21(1.5) feature.
S im ilar com parisons w ere  draw n w ith  th e  f3v values o b ­
tained  from  m easurem en ts o f p red issocia tion  fo llow ing  ex c i­
ta tion  o f  SH  and  SD  (A, v  = 0 and  1) on the P 1(1.5), 
Q 1(1.5) + qP 21(1.5) and  R 1(1.5) + RQ21(1.5) spectral lines, a l­
though  no m easurem en ts o f  angular d is tribu tions w ere  m ade 
for the S (3P 0) and S (3P 1) pho to fragm en ts arising  from  p re ­
d issociation  o f  S D (A , v  =  0) becau se  o f  low  signal levels. The 
sim ulations o f  an iso tropy  param eters u sed  u pper state life ­
tim e values taken  from  spectroscop ic  studies o f fluorescence
-1 . 0  —|---------------1-------------- 1---------------1-------------- 1-------------- 1---------------1---------------1-------------- 1
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FIG. 8. A comparison between calculations and experiment for predissocia­
tion via SD(A, v = 1). The top panel shows a plot of the calculated spectrum, 
above which is a stick spectrum (as in Fig. 7). The bottom panel compares 
calculated (solid line) and experimental values of for S(3P2) (circles), 
S(3P 1) (triangles), and S(3P2) (squares) atom products.
18,20,21life tim es and spectral line  b roaden ing  and the co m ­
pu ted  frequency  dependen t f3v values w ere  then  convolu ted  
w ith  a G aussian  function  w ith  a F W H M  o f 0.6 cm -1 to 
m im ic the effects o f  the laser bandw id th  in the  experim ents. 
A n  exam ple  set o f  da ta  is show n in F ig . 8 for S D (A , v  = 1 ) . 
T he agreem en t betw een  experim en ta l and ca lcu la ted  values 
w as poo rer for these  data  than  for th e  S H (A , v  = 2) results , 
w ith  the m easured  f3v values consisten tly  sm aller in m ag n i­
tude  than  th e  expecta tions o f  the theore tica l m odel [w ith  the 
excep tion  o f  th e  P 1(1.5) line  for w h ich  the ca lcu lated  
f3v =  0 .0  w as as expected  for an u pper sta te  w ith  J  = ^  and 
N  = 0 ] . F o r S H (A , v  =  0) and S D (A , v  = 0), the  m easu red  an ­
iso tropy  param eters all lie  c lose  to zero  T he  life tim es o f  the
S H (A , v  = 0) and S D (A , v  = 0) levels are, respectively , 3.2 and
18,20,21250 ns for low  ro ta tio n a l levels, and these  life tim es are 
no t only  considerab ly  longer than  th e  ro ta tio n a l periods bu t 
are also com parab le  to or longer than  the characteristic  tim e 
scales for coup ling  o f the  nuclear spins o f  the H  or D  atom s 
to the ro ta tio n a l and  elec tron ic  spin angu lar m om enta  o f  the 
SH  or S D  rad ica ls . T he nuclea r hyperfine  sp littings for 
S H (A , v  = 0) w ere  reported  by  U bachs et a l . ,18 and, for J  
values up  to 5/2, ran g e  from  289 .9  to  898.6  M H z. Taking a 
rep resen ta tive  va lue  o f  vHF= 5 0 0  M H z, th e  tim e scale for 
hyperfine  coupling  o f J  w ith  I H to g ive  th e  resu ltan t total 
angu lar m om en tum  F  is t = 2 k / vh f ~  12 ns and about an 
order o f  m agn itude  longer for SD .48 T he  nuclea r spin o f  32S 
is IS= 0 , and it thus does no t p lay  a p art in th e  fo llow ing  
discussion .
W e consider th e  hyperfine  coup ling  in terac tions further 
because  they  can  cause  depo lariza tion  o f  th e  op tically  p re ­
pared  spatial a lignm ent o f  ro ta tio n a l angu lar m om en tum  (de-
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FIG. 9. Calculated G(2)(t) hyperfine depolarization factors for pure Q 1( 1.5) 
(top panel) and R1(1.5) (bottom panel) transitions.
no ted  h ere  by  a q u an tum  num ber N ) or in ternuclear axes o f 
the SH  or SD . D epo lariza tion  o f N  by  S  (the e lec tron ic  spin 
angular m om entum ) is trea ted  im plic itly  in the com puter 
sim ulations described  so far, b u t hyperfine  depo lariza tion  is 
no t inco rporated . V alues o f  f3v can  thus degrade  from  the 
expectations from  calcu la tions using  th e  m ethod  o f  K im  
et a l . 32 b ecause  o f  p recession  o f  the nuclea r fram ew ork  
ro ta tiona l angu lar m om en tum  N  about J  and  o f J  about the 
to tal angular m om en tum  F .49 T he procedures for ca lcu lation  
o f the tim e-dependen t depo lariza tion  o f  N  are w ell 
estab lished :50- 52 a ro ta tional angu lar m om en tum  alignm en t 
param eter A ® (0 ) at t = 0  is m ultip lied  by  a tim e-dependen t 
hyperfine depo lariza tion  factor G (k)(t) o f the sam e ran k  to 
g ive  a tim e-dependen t a lignm ent param eter:
A0k)(t) = A0k)(0 )G (k)( t ) . (12)
To accoun t for hyperfine depo lariza tion  o f /3v, Zhang 
et a l . 53 sim ply  m ultip lied  i  values by  G (2)(t) factors in their 
study o f  pho tod issocia tion  o f  a ligned  H F  m olecu les . To 
verify  this approach , w e com puted  the alignm en t param eters 
A '2 )(N) for one-photon  excita tion  o f  a d ia tom ic  m o lecu le  via 
P , Q , and R  b ranch  transitions using  linearly  po larized  light, 
and, u sing  E q . (12), app lied  th e  hyperfine  depo lariza tion  ap ­
p rop ria te  for SH  calcu la ted  from 51
G (k)(t) = 2  cos[ (E F, -  E F)t/h ) \
F,F’
x
(2 F ’ + 1 )(2 F  + 1 )1  F ’ F  k
(2 I  + 1 ) J  J  I
(13)
and know ledge o f  sp littings o f  hyperfine energy  levels, 
E f , -  E f . F igu re  9 show s th e  tim e d ependence  o f  the G (2)(t) 
param eters for excita tion  o f  SH  v ia  the Q 1(1.5) and  R 1(1.5) 
transitions. T he  resu ltan t depo larized  angular m om entum  
alignm en t param eters w ere  u sed  to  ca lcu la te  th e  associated  
in ternuclear axis a lignm en t param eter in th e  p resence  o f  hy- 
perfine coupling . A s a test o f  the m ethod, these  la tte r p a ram ­
eters, derived  in the absence  o f  hyperfine in teractions, w ere 
com pared  w ith  values o f  A 0, the  p aram eter in troduced  by
Z are54 to describe  the spatia l d is tribu tion  o f  in ternuclear axes 
o f  a d ia tom ic  m o lecu le  in a long-lived  excited  sta te  fo llow ­
ing  the abso rp tion  o f  linearly  po la rized  ligh t, and th e  two 
ca lcu la tions gave  iden tica l resu lts . In the lim it o f  an excited  
sta te  tha t p red issocia tes on a tim e  scale m uch  longer than its 
ro ta tio n a l period , w ith  the fragm entation  occurring  under 
cond itions o f  ax ial reco il, the  in ternuclear axis a lignm en t p a ­
ram ete r A 0 is equ ivalen t to  the pho to fragm en t reco il an iso ­
tropy  param eter f3v and w e thus deduce  tha t the tim e- 
dependen t hyperfine  depo lariza tion  o f f3v is correctly  
described  by
P v(t) =  & G (2)( t ) , (14)
53in ag reem en t w ith  th e  m ethod  o f  Z hang  et al. H ere, the ¡3v
32values are those  com puted  using  the theo ry  o f  K im  et al., 
and  the tim e chosen  in E q. (14) corresponds to the p red isso ­
c ia tive  life tim e o f  the SH  or SD  rad ica ls in the ir A  22+  state 
and a p a rticu la r v  and  N  level.
F ro m  these  ca lcu la tions, w e conc lude  tha t hyperfine  d e ­
po lariza tion  can  reduce  f3v values by  a fac to r o f 0 .2 5 -1  fo l­
low ing  excita tion  o f  SH  to v  = 0 o f  the A  22+  state  v ia  the 
Q 1(1.5) line  and a factor o f 0 .6 6 -1  for th e  R 1(1.5) line. The 
p rec ise  values depend  on the p red issoc ia tive  life tim es, bu t 
the  re sp ec tiv e  tim e-averaged  red u c tio n  factors are  0 .68 and
0.83. W e do no t m ake a m ore  quan tita tive  com parison  w ith  
the  experim en ta l data , how ever, becau se  o f  the b lended  n a ­
tu re  o f the spectroscop ic  abso rp tion  lines. F o r h igher v ib ra ­
tional levels o f  th e  A  22+  state w ith  life tim es on the p ico sec ­
ond  tim e scale, little  or no hyperfine  depo lariza tion  o f f3v is 
expected .
2. Populations of m levels for S(3P1) 
and S(3P2) photoproducts
T he angu lar dependences o f  the velocity  m ap im ages for 
S (3P 1) and  S (3P 2) pho to fragm ents show  characteristic  s igna­
tures o f e lec tron ic  angu lar m om en tum  po lariza tion  in th e  S 
atom s w hich  can be  quantified  in  term s o f  unequal p o p u la ­
tions, p m, o f  m  sub levels. T he outcom es o f  the da ta  analysis 
p rocedu re  d escribed  above are p resen ted  in  F igs . 10 and 11 
and T able IV ; w e do no t d is tingu ish  ± m  level populations 
because  the experim en ts are sensitive  only  to even  ran k  
alignm en t m om ents. T he  data  p resen ted  in  Table IV  are av ­
erages o f  the popu la tions o f  the m  sub levels for the S (3P 2) 
and S (3P 1) atom s fo llow ing  excita tion  o f  SH  or SD  to each 
o f  th e  v  =  0, 1, and 2 levels o f  th e  A 22+  state v ia  P (1 .5 ), 
Q (1 .5), and R (1 .5 ) transitions. A s is ev iden t from  the stan ­
dard  dev ia tions o f  the popu la tions p resen ted  in  T able  IV  and 
as w ill b e  d iscussed  further below , these  m  sub level p o p u la ­
tions are insensitive  to  the u se  o f  SH  or SD  in the ex p eri­
m ents, th e  v ib ra tional level o f  the A  22+  sta te  from  w hich 
p red issocia tion  occurs, or the  ro ta tio n a l level tha t is excited .
T here  are tw o further clear outcom es o f  the m easu re­
m ents. T he first is tha t th e  elec tron ic  angu lar m om en tum  of 
the  S (3P 1) atom s is po larized , w ith  th e  m  = ±  1 levels p o s­
sessing  nearly  four tim es the  popu la tion  o f  th e  m = 0  level. 
T he second  is tha t the S (3P 2) atom s are also strong ly  p o la r­
ized, w ith  th e  m  =  ±  2 levels exh ib iting  very  little  popu la tion  
bu t th e  m  =  ±  1 and 0 levels bo th  significan tly  and nearly
2
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FIG. 10. m-state populations for S(3P2) atoms as a function of TKER of the 
S and H atom photodissociation products. The experimentally determined 
populations of m =0 (circles), m = ± 1 (triangles), and m = ± 2 (squares) are 
compared to the predictions of the adiabatic (solid line) and diabatic (dashed 
lines) calculations for predissociation via the 1 4X~ potential (see also Table 
III). Open and filled symbols are data obtained, respectively, via the 
Q1(1.5) + qP21(1.5) and P^1.5) transitions. The errors represent the quality 
of the fits and are 2 of the root mean square differences between the experi­
mental $2  and $ 4  values obtained from fits to VV and VH images and the 
calculated best fit values. The larger error bars for the data points close to 
5000 cm-1 are a consequence of poorer fits to the angular dependence of the 
source images.
equally  popu la ted . W e no te  tha t these  resu lts derive  from  an 
analysis that neg lec ts coherence  effects am ong the m  levels 
and tha t the angu lar m om en tum  po lariza tion  is no t sub ject to 
hyperfine depo lariza tion  because  /s  = 0.
F igures 10 and 11 show  p lo ts o f  m -sta te  popu la tions o f 
the S (3^ 2) and  S (3^ i )  a tom  products, respectively , for the 
P i(1 .5 )  and <2i ( 1.5) + ^ 2 1  (1.5) lines p lo tted  against T K E R  
o f the atom ic products. T he consistency  o f the outcom es of 
the m -s ta te  popu la tions regard less o f  the iso topo log , v ib ra ­
tional, or ro ta tional sta te  is c lea rly  ev iden t in these p lo ts. F o r 
com parison , the p red ic ted  m -s ta te  popu la tions for d isso c ia ­
tion from  the  42 - / 2  s ta te  w ith in  the ad iaba tic  and diabatic
FIG. 11. m-state populations for S(3P1) atoms as a function of TKER. The 
experimentally determined populations of m=0 (circles) and m = ± 1 (tri­
angles) are compared to the predictions of diabatic (dashed line) calculations 
for predissociation via the 1 4X~ potential (see Table III). Open and filled 
symbols are data obtained, respectively, via the Q 1(1.5 ) + QP21(1.5) and 
P1(1.5) transitions. Note that the adiabatic model predicts no population of 
S(3P 1). The errors represent the quality of the fits and are 2 of the root mean 
square differences between the experimental $2  and $ 4  values obtained from 
fits to VV and VH images and the calculated best fit values.
TABLE IV. Average m-state populations, pm, for S( P2) and S( P 1), where 
pm is the total population of the +m and -m  states when m is nonzero. The 
experimental average spin-orbit branching ratios, P(J), are also listed. All 
pm and P(J) values are the average of all SH and SD data sets after correc­
tion for REMPI upper state, as described in the text, and the uncertainties in 
parentheses are one standard deviation derived from these measurements.
pm
J P(J) m =0 m = ± 1 m= ±  2
1 0.06 0.21 (0.08) 0.79 (0.08)
2 0.80 0.45 (0.06) 0.54 (0.06) 0.01 (0.06)
m odels (see Sec. I I I A  and T able III) are also p lo tted . For 
S (3P 2) atom s it is c lea r that ne ither the  ad iabatic  or d iabatic  
m odel cap tu res the m -state  popu la tions quantita tively . For 
S (3P j) ,  w h ich  ad iaba tica lly  shou ld  no t b e  observed  as p h o ­
toproducts, the m -sta te  popu la tions approach  the d iabatic  
lim it w ith  the m  =  ±  1 levels exh ib iting  the m ajo rity  o f  the 
popu la tion , bu t there  is also non -neg lig ib le  popu la tion  o f  the 
m  = 0 level.
In  th e  adiabatic  m odel, a co rrelation  d iag ram  is co n ­
structed  to d eterm ine  th e  pho tod issocia tion  p roduc t states. In 
the  co rrelation  d iagram , the states are  labeled  by  f t = m S 
+ m H, w ith  m S and  m H, respectively , deno ting  the  p ro jections 
o f  the elec tron ic  angu lar m om enta  o f  the  S and  H  atom s onto 
the  in ternuclear axis. T his axis corresponds to  th e  R F  if, 
as w e expect, the  axial recoil approx im ation  applies. To d e ­
rive  the fragm ent po lariza tion , the separate  m S and m H q u an ­
tu m  num bers m ust b e  assigned  to the states, as w as done  for 
the  S ( 1^ 2) + H (2S 1/2) a tom ic lim it in  R ef. 2 7 . F o r the 
S (3P J) + H (2S 1/2) lim it, w e m ust take  in to  accoun t the n o n ­
zero  sp in -o rb it coup ling  in  the S (3P j)  atom . W hen  f t  
takes the h ig h es t p oss ib le  va lue  for a g iven atom ic fine- 
struc tu re  state, |Jm S) |J Hm H), the only  possib ility  is mS = J  and 
m H= J H (w e adopt the conven tion  tha t f t > 0 ) .  F o r th e  other 
substates, there  are  tw o possib ilities : m S= f t ±  2. T hese  two 
sublevels are degenera te  asym pto tica lly  and th e  assignm ent 
is based  on th e  energy  ordering  at long range. A s before, the 
lead ing  long-range te rm  that lifts the d egeneracy  is the d is­
p ersion  in teraction . T he energy  ordering  m ay  b e  derived  
from  the an iso tropy  o f the po la rizab ility  o f  th e  su lfur atom , 
as derived  in the A ppend ix , and th e  resu lt is show n in F ig . 5 .
In  th e  fo llow ing  d iscussion , w e focus on states w ith 
f t  = 2  because , after excita tion  to the A  22+/2 state, subse­
quen t coup lings to states w ith  f t  = |  or g reater require  
ro ta tion -induced  in terac tions w h ich  w ill b e  w eak  for th e  co n ­
ditions o f  low  rotational angular m om en tum  in our ex p eri­
m en ta l study. T he f t  = 2  com ponen ts o f  th e  X  2n  and  1 42 -  
states exh ib it the long -range  correlations:
1/2 '
4 v -  
1/2 '1 42
> S (3P2; ms = 0) + h ( X , 2; m H = ±  ± ) ,  (15) 
S (3P 2 ;m s =  ±  1) + h ( ^ m H = +  1 ) .  (16)
A diabatic  d issociation  on the 1 42 1/2 state should  thus
pro d u ce  exclu sively  S (3P 2 ; m S= ±  1) atom s, w ith  m ix ing  at 
long ran g e  w ith  the  X  2n 1/2 sta te  as degeneracy  is ap ­
p roached  resu lting  in popu la tion  o f S (3P 2 ; m S = 0). T here  are 
no rou tes to fo rm ation  o f  S (3P 2 ; m S= ±  2) un less an f t  = 2
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state is popu la ted , bu t as no ted  above, th is requ ires (un favor­
able) C orio lis in terac tions. T he f t  = |  and 1 com ponen ts of 
the 1 42 -  sta te  w ill b e  effec tive ly  m ixed  by  m olecu la r ro ta ­
tion  because  o f the w eak  coup ling  o f  the e lec tron  spin to the 
in ternuclear axis, g iv ing  a p oss ib le  m echan ism  for form ation  
o f the sm all fraction  o f  S (3P 2) m S = ±  2 atom s suggested  by 
our da ta  analysis. T he observed  popu la tions o f  th e  m  levels 
p rov ide  firm  ev idence for nonad iaba tic  dynam ics betw een  
the 1 42 -/2 and  X  2n l/2 states w h ich  w ere  alluded  to in the 
d iscussion  o f sp in -o rb it b ranch ing  ra tios in Sec. III A.
O ne f t  = 1 com ponen t o f  th e  1 4n l/2 sta te  correlates to 
the S (3P 1) + H (2S 1/2) asym pto te  (Fig. 5) and w as im plicated  
in the p roduction  o f S (3P 1) atom s fo llow ing  nonadiabatic  
transfer o f  flux from  th e  1 42 - /2 sta te  (see Sec. III A ). D is ­
sociation  on the 1 4n 1/2 sta te  is expected  to g ive  rise  to 
S (3P 1) atom s w ith  m S = 0 and m ix ing  w ith  the  1 22 - /2 state 
m ust b e  invoked  to accoun t for the S (3P 1, m s = ±  1) atom s 
observed  experim entally .
F igures 10 and  11 inc lude  p red ic tions for m  sublevel 
popu la tions w ith in  the approx im ations o f  ad iaba tic  and di- 
abatic (or sudden) lim its for the dynam ics. In  the d iabatic 
lim it, m S= 0  products should  dom ina te  the S (3P 2) channel, 
w ith  popu la tion  o f  m S= ±  1 a m inor pathw ay. F o r S (3P 1) the 
d iabatic  m odel p red ic ts fo rm ation  o f  S atom s exclusively  
w ith  m S = ±  1. In  bo th  cases these  pred ic tions are q u a lita ­
tive ly  (but no t quan tita tive ly ) rep roduced  by  th e  ex p erim en ­
tal data. W e thus conclude  tha t th e  observed  dynam ical 
behav io r is in term ed ia te  betw een  pu re ly  d iabatic  and ad ia ­
batic  m odels, w h ich  is re in fo rced  by  th e  observed  form ation  
o f S (3P 1) and S (3P 0) pho to fragm en ts, as d iscussed  in 
Sec. III A .
IV. CONCLUSIONS
T he p red issocia tion  dynam ics o f  SH  and SD  from  the 
v  = 0 , 1, and 2 v ib rational levels o f  th e  A  22+  state w ere 
investiga ted  by  velocity  m ap ion im aging  o f  th e  S ( 3P j)  a tom  
products. T he m easured  sp in -o rb it b ranch ing  ra tios into 
J  = 0 , 1, and 2 products show  that S (3P 2) atom s are the m ain 
p roduc t in  all cases, w ith  m inor b ranch ing  in to  S (3P 0) and 
S (3P 1) p roducts. T his b ranch ing  is consisten t w ith  p red isso ­
ciation  v ia  the 1 42 - /2 po ten tia l w hich  correlates adiabati- 
ca lly  to th e  S (3P 2) + H (2S 1/2) asym pto te  and  is in agreem ent 
w ith  deductions from  spectroscop ic  m easurem en ts o f  the 
S H (A , v) and  S D (A , v) life tim es19- 23 and a m odel for the 
p red issocia tion  m echan ism  based  on F G R  ca lcu la tions.21,23 
T he nonzero  popu la tion  o f  S (3P 0) and S (3P 1) p roducts for 
p red issocia tion  o f  all v ib ra tional states o f  SH (A) and SD(A) 
investiga ted  is ind ica tive  o f  dev ia tions from  adiabatic  d isso ­
ciation  v ia  the 1 42 - /2 state, b u t b ranch ing  ra tios are  also 
inconsisten t w ith  a fu lly  d iabatic  m odel for d issocia tion . A n 
in term ed ia te  p ic tu re  thus p revails for the d issocia tion  d y n am ­
ics fo llow ing  coupling  from  the A  22+  sta te  to the 1 42 - /2 
state in w h ich  there  are nonad iaba tic  (sp in-orb it m ediated) 
couplings betw een  th e  1 42 -  and th e  1 4n  po ten tia ls  at large 
in ternuclear separations (and perhaps also subsequen t co u ­
p lings from  the 1 4n  to  the 1 22 -  po ten tia l). T he ev idence 
from  m easurem en ts o f  m  sub level popu la tions for the S (3P 2) 
channel also po in ts to  nonad iaba tic  dynam ics involv ing  m ix ­
ing  o f  flux from  th e  1 42 - /2 state to the X  2n 1/2 state. T he 
near absence  o f S (3P 2) atom s w ith  m  =  ±  2 is consisten t w ith 
w eak  or neg lig ib le  C orio lis couplings du ring  the d isso c ia ­
tion.
A n enhanced  branch ing  in to  S (3P 0) fo llow ing  excitation  
to S H (A , v  =  2) is a ttribu ted  to the onset o f  coup ling  from  the 
A  22+  po ten tia l to th e  1 22 -  po ten tia l and  subsequent 
transfer o f  flux to the 1 4n  po ten tia l w h ich  correlates 
ad iaba tica lly  to  th e  S (3P 0) + H (2S) asym pto te . T his observa­
tion  is in  accord  w ith  th e  F G R  calcu lations o f  p red issocia tion  
ra tes by  W heele r e t a l . 21 and B rites e t a l 23 tha t show ed n eg ­
lig ib le  coup ling  to  th e  1 22 -  sta te  for S H (A , v  =  0 ,1 )  and 
S D (A , v  = 0 - 2 )  b u t an enhancem en t o f this pa thw ay  for 
S H (A , v  = 2), w hich  w as p red ic ted  to  accoun t for up  to 25%  
o f the p red issocia tion  m echan ism  o f  this v ib ra tional level.
T he m easu red  an iso tropy  param eters f3v show  a strong
frequency  dependence  w hich  is w ell described  by  calcula-
32tions, based  on the  w ork  o f K im  et al., th a t take  into ac­
coun t th e  life tim es o f  the excited  sta te  levels and in terfe rence  
effects resu lting  from  excitation  o f  the SH  or SD  m olecu les 
v ia  overlapp ing  P , Q, and  R  b ran ch  ro ta tional transition . E v i­
dence  is p resen ted  tha t th e  an iso tropy  param eters for p red is­
sociation  o f  th e  longer lived  SH  and SD  (A 22+) v ibrational 
levels are fu rther reduced  b y  hyperfine  in terac tions, w ith  the 
coup ling  o f  the e lec tron ic  and  ro ta tional angu lar m om enta  to 
the  nuclea r spin o f  the H  (or D ) atom  on a tim e scale  o f a few  
nanoseconds p artia lly  degrad ing  the p repared  op tical a lign ­
m en t o f  the in ternuclear axes in the exc ited  state.
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APPENDIX: FRAGMENT POLARIZATION 
IN THE ADIABATIC MODEL
T he d ispersion  in terac tion  betw een  tw o atom s w ith  n o n ­
zero  angu lar m om en tum  is d iscussed  in R ef. 55 . A s th e  sp in ­
orb it coup ling  in the H  a tom  is zero , how ever, w e can  ignore 
the  H  atom  elec tron  spin and w rite  the d ispersion  in teraction  
betw een  S ( 3P j ) and H (2S 1/2) as a function  o f th e  in ternuclear 
d is tance  R  as 27,56,57
C 6( J  m s) 
R 6 ‘
(A 1)
T he d ispersion  coeffic ien ts C 6( J , m S) a re  g iven  by
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C 6(J ,m s ) = C 6,o(J) -
3 m 2 -  J ( J  + 1) 
(2 J  -  1 )(2 J  + 3 )
C 6,2(J), (A 2)
w here  C 6,0(J) and C 6,2(J) deno te  th e  scalar and rank-2  tensor 
com ponents o f  th e  d ispersion  in terac tions, respectively . 
T hese tw o equations show  tha t the energy  ordering  is de te r­
m ined  b y  m 2SC 6 2 (J).  H ence, w e m ust d e term ine  the sign o f 
C6 2(J ), w h ich  is re la ted  to  the frequency  dependen t po lariz- 
abilities at im ag inary  frequencies i w  o f the atom s through
C 6,2(J )
3 (2 J  + 3 )  
2 otJ
o^ 2 ( J ; iw) a H (iw)dw, (A 3)
w here  a 2 ( J ; iw)  is the tenso r po la rizab ility  o f  the S ( 3Pj )  state 
and â H(iw) is the  dynam ic po la rizab ility  o f  the H (2S 1/2)
27atom . A s before , w e assum e tha t the sign o f  th e  in teg ra l is 
m inus th e  sign o f  a 2 ( J ; iw)  at w = 0 . T he po la rizab ility  o f  the
fine-structure  sta te  is, to a very  good  approx im ation , g iven
1 58,57
by ,
a2 (J )  = ( -  1) (2 J  + 1 )
J  2 J '
J  0 J ,
|L  J  S  
\ j L  2
X
L  2 L  
-  L  0 L
-1
a 2 (L ). (A 4)
T he tenso r po la rizab ility  a 2(L) is re la ted  to the p o la r iz ­
ability  an iso tropy  A a ( L ,0 )  th roug h 27,56
2 L (2L
a 2(L) = -  — A a (L ,0 )— ----------
2 3 L ( L  + 1)
1)
(A 5)
M edved  et al. reported  a ca lcu la ted  va lue  for S ( P ) o f 
A a (L  = 1 ,0 )  = + 4 .4 9  a.u . E va lua ting  the 3 -j  and 6 -j  sym bols 
for L = S  = 1  in E q . (A 4) g ives a 2 (3P 2) = a 2(L  = 1 )  <  0 and 
a 2(3P 1) = - 0 .5 a 2(L = 1 ) >  0. T his g ives a positive  an isotropic 
d ispersion  coeffic ien t C 6,2( J = 2 )  >  0 and hen ce  m S = 0 is the 
low est for the J  = 2  fine-structure  state, w h ile  m S = 0 is the 
upper level for J  = 1 .
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